A selection method for sphingolipid long-chain-base auxotrophs of Saccharomyces cerevisiae was devised after observing that strains that require a long-chain base for growth become denser when starved for this substance. Genetic analysis of over 60 such strains indicated only two complementation classes, kcbl and kb2. Mutant strains from each class grew equally well with 3-ketodihydrosphingosine, erythrodihydrosphingosine or threodihydrosphingosine, or phytosphingosine. Since these metabolites represent the first, second, and last components, respectively, of the long-chain-base biosynthetic pathway, it is likely that the LCBJ and LCB2 genes are involved in the first step of long-chain-base synthesis. The results of long-chain-base starvation in the Lcb-strains suggest that one or more sphingolipids have a vital role in S. cerevisiae. Immediate sequelae of long-chain-base starvation were loss of viability, exacerbated in the presence of ao-cyclodextrin, and loss of phosphoinositol sphingolipid synthesis but not phosphatidylinositol synthesis. Loss of viability with long-chainbase starvation could be prevented by also blocking either protein or nucleic acid synthesis. Without a long-chain-base, cell division, dry mass accumulation, and protein synthesis continued at a diminished rate and were further inhibited by the detergent Tergitol. The cell density increase induced by long-chain-base starvation is thus explained as a differential loss of cell division and mass accumulation. Long-chain-base starvation in Lcb-S. cerevisiae and inositol starvation of Inos-S. cerevisiae share common features: an increase in cell density and a loss of cell viability overcome by blocking macromolecular synthesis.
Sphingolipids are ubiquitous eukaryotic membrane constituents with a hydrophobic segment (ceramide) consisting of a long-chain base (LCB; sphingosine in animals, phytosphingosine (PHS) in fungi and plants) that is N fatty acylated and linked to various polar head groups, hundreds of which have been described (7) . The polar head groups of certain fungal and plant sphingolipids are distinguished from those of animals in that they contain inositol, which is phosphodiester linked to ceramide, with the inositol further decorated with polar substituents (1, 13, 26, 29) . In Saccharomyces cerevisiae, the phosphoinositol sphingolipids are located mostly in the plasma membrane (21) and consist of three classes: inositol-p-ceramide, mannose-inositol-p-ceramide, and mannose(inositol-p)2ceramide [M(IP)2C] (26, 29) .
Cellular functions for animal sphingolipids and their catabolites are under active study (6, 8, 9) . To explore the biosynthesis and function of these lipids in S. cerevisiae, we have begun a study of mutants that are defective in sphingolipid synthesis. One such mutant, unable to grow unless cultured with a sphingolipid LCB, has been briefly described (32) . In this report, we describe a simple selection method that yields LCB auxotrophs that fall into two genetic complementation groups, with a pattern of LCB auxotrophy suggesting a defect in the initial step of LCB synthesis. Various sequelae of LCB starvation described with these mutants, such as depressed phosphoinositol sphingolipid synthesis and loss of viability, suggest that sphingolipid performs one or more vital functions.
(Abstracts of this work have appeared previously [22, 28] .) (25, 31) . For experiments that involved dissection of tetrads, sporulation was carried out on a liquid medium consisting of 1% K acetate, 0.1% yeast extract, 0.05% glucose, and 0.05% Tergitol; LCBs were found to inhibit sporulation. In experiments in which random spores were selected and in complementation analysis, mating was carried out on filters (31) placed on complex medium with 2% agar for 6 to 16 h as necessary and washed with 1 M sorbitol, followed by plating on synthetic medium to select diploids. Diploid colonies were selected and cultured overnight on complete liquid complex medium; A number of cells equivalent to 2 absorbance U was washed with water, suspended in 15 RI of water, and plated on sporulation medium consisting of 2% agar, 1% K acetate, and 50 mg each of adenine, uracil, leucine, tryptophan, histidine, and inositol per liter. Tetrads were disrupted in 0.1 M KPO4 (pH 7.5) containing 2 mg of Zymolyase 100000 (Miles Laboratories, Inc.) per ml and then subjected to mild sonic treatment; the spores were washed with 1 M sorbitol prior to plating on selective synthetic media.
Culture media and conditions. Cells were cultured at 30°C with shaking, and turbidity was monitored by A650 (1 cm) measurement with a Zeiss PMQ-2 spectrophotometer. Complete synthetic medium consisted of 0.05 M sodium succinate (pH 5.0), 25 p,M PHS, and (per liter) 16.7 g of Difco Vitamin-Free Yeast Nitrogen Base; 40 g of glucose; 20 mg each of adenine and uracil; 50 mg of myo-inositol; 0.5 g of Tergitol-Nonidet P-40; 0.2 mg each of riboflavin andp-aminobenzoic acid; 2 p,g each of biotin and folic acid; 0.4 mg each of niacin, thiamine HCI, pyridoxine HCI, and pantothenic acid; 30 mg each of the L-amino acids glycine, glutamine, isoleucine, serine, alanine, valine, phenylalanine, threonine, cysteine HCI, asparagine, proline, arginine, tyrosine, lysine 2HCI, leucine, histidine, methionine, and tryptophan. For leucine auxotrophs, the amount of leucine used was 150 mg/l. Complete complex medium consisted of 0.05 M sodium succinate (pH 5.0), 25 b After overnight culture in complete synthetic medium, an amount of cells equal to 25 A650 U was washed twice in synthetic medium without LCB and then cultured in 25 ml of synthetic medium without LCB. At the indicated times, 5 A650 U from each culture was concentrated in 1 ml of medium, layered onto a 7-ml linear 20 to 50% sodium ditriazoate gradient in a graduated centrifuge tube, and centrifuged in a swinging-bucket rotor at 2,000 x g for 10 min. The location of the band of cells was visually scored. NH40H (15:15:5:1:0.018) at 60°C for 1 h and centrifuged warm, and the pellet was extracted with 2 ml of the same solvent for 30 min at 60°C. The combined supernatants containing the inositol sphingolipids were evaluated for radioactivity. The radioactive lipid fractions were converted to inositol equivalents based on the initial inositol specific radioactivity. Control experiments showed complete deacylation of ester lipids, retention of sphingolipid, and its subsequent complete extraction under the conditions noted above.
Viability, protein synthesis, and protein and DNA contents. Cell viability was measured by diluting the cultures with complete medium (dilution of cells starved for LCB in water resulted in additional cell killing), plating on complete complex medium with 2% agar, and evaluating the colony number after 48 h at 30°C. ['4CJleucine incorporation into protein in various cultures was measured by terminating the reaction with 5% trichloroacetic acid, adding 200 absorbance U of unlabeled carrier cells, washing the cells free of trichloroacetic acid-soluble radioactivity, scintillation counting of the final pellet, and converting the radioactivity to leucine equivalents based on the initial specific activity. Protein and DNA contents per particle were measured in a fluorescence-activated cell sorter by the fluorescence due to reaction with fluorescein isothiocyanate and propidium iodide, respectively, as described by Martegani et al. (18) . 
RESULTS
Enrichment of mutant S. cerevisiae strains auxotrophic for LCB. We wished to find a simple selection method for obtaining a large number of LCB auxotrophs, since the original isolation procedure was nonselective and involved screening >105 colonies by replica plating (32) . An indirect mutant enrichment method was developed on the basis of our observation that LCB auxotrophs became denser than wild-type cells when starved for LCB as evaluated by sedimentation on a gradient of Na ditriazoate ( Growth responses of LCB auxotrophs to various LCBs and their derivatives. We tested lcbl and lcb2 strains with various intermediates in the synthesis of PHS, the major LCB found in yeast sphingolipids, to distinguish these strains phenotypically. The PHS biosynthesis pathway probably has a minimum of three steps, as judged from results obtained with other organisms (27, 30) ; the last step has not been demonstrated in vitro and requires further study; however, molecular oxygen is the precursor of the 4 oxygen of PHS (16) The product of each of these steps supported growth of strains bearing either an lcbl or an lcb2 mutation (Table 6 and Fig. 1 ). The N-acetyl derivatives of the first two intermediates neither supported growth of the mutants nor inhibited the growth of wild-type cells, suggesting that these compounds either were not taken up by cells or were not converted to the parent LCB. These data are consistent with the hypothesis that step 1 is disrupted in both the lcbl-and lcb2-defective strains.
To define the specificity of the LCB requirement of an Lcb-strain further, we examined the growth response to various isomers and homologs of LCBs and ceramides. For these studies, we used strain X45A (lcbl), obtained by backcrossing a mutant derived from wild-type MC6A twice with strain W303-1B, and the two parental wild-type strains ( (32), but the experiments were flawed because subsequent analysis showed that the commercial sample of threo-DHS used was heavily contaminated with erythro-DHS. For the present experiment, threo-DHS was purified by HPLC (see Materials and Methods) and shown to be free of the erythro isomer, as judged by HPLC of the biphenylcarbonyl derivative (15) . Sphingolipid derived from mutant cells grown for many generations with threo-DHS contains only PHS (data not shown), as judged by HPLC analysis (4); no standard was available for nonbiological isomers of PHS, but since erythro-DHS and threo-DHS can be easily distinguished by HPLC (15) it is safe to assume that the comparable isomers of PHS would also be separated. Our working hypothesis is that the threo isomer can be converted to the erythro isomer, possibly by a nonspecific dehydrogenase which oxidizes threo-DHS to 3-KDS.
We also compared the effects of three ceramides on the growth of the wild type and an lcbl-defective strain (X45A).
None of the ceramides tested at a concentration of 25 p,M supported the growth of strain X45A. Since at this concentration the ceramides did not inhibit the growth of wild-type cells, we conclude that the failure of the lcbl strain to grow was not due to inhibition of growth (Table 7) . It was not unreasonable to expect that a ceramide could support the growth of an Lcb-strain, since exogenous ceramides have been shown to be incorporated into sphingolipids of cultured animal cells (20) . The ceramide composed of PHS and the 2-OH C26 fatty acid is the major component of the phosphoinositol-containing sphingolipid and might have been expected to serve as a precursor if it could diffuse across the membrane, a reasonable possibility in light of its fairly hydrophobic character; N-hexanoyl-DHS, with a shorter acyl chain, was also was ineffective. The major yeast sphin-J. BACT1ERIOL. (Table 7 and Fig.  1) ; however, they do inhibit sporulation (data not shown). The three C18 LCBs tested (Table 7) were moderately inhibitory to the growth of one of the wild-type strains (W303-1B), and 100 ,uM threo-DHS inhibited growth of the mutant. That the C23 homolog of threo-DHS did not support growth of the mutant and did not affect the growth of either wild-type strain suggests a fairly stringent LCB chain length specificity; small amounts of C20 LCBs, along with the predominant C18 homolog, have been observed in fungal sphingolipids (17, 26) .
Exogenously added LCB is efficiently converted to sphingolipid by an lcbl-defective strain, as judged by the maximum growth yield attained in a stationary-phase culture with limiting amounts of either 3-KDS or DHS (Fig. 1) . For example, at 5 ,uM LCB, the growth increment due to LCB is about 6 A650 U (Fig. 1) When an Lcb-mutant was starved for LCB in otherwise complete culture medium, exponential loss of viability ensued (Fig. 2) . When the cells were washed with LCB-free medium containing Tergitol and a-cyclodextrin (Fig. 2,  bottom) , loss of viability began to occur more promptly than in cells just washed with LCB-free culture medium (Fig. 2,  top) . When LCB-starved cells were cultured in the presence of ot-cyclodextrin, the rate of viability loss was significantly enhanced. Whether the latter finding was due to sequestration of persisting traces of LCB or to a sensitivity of sphingolipid-deficient cells to ot-cyclodextrin is an open question.
The loss of viability of LCB-starved mutant cells is apparently related to unbalanced growth, since the viability loss was prevented when either protein or nucleic acid synthesis was blocked by omission of tryptophan or uracil in an Lcb-mutant also auxotrophic for uracil and tryptophan (Table 8) .
Differential changes in synthesis of inositol lipids and protein induced by LCB starvation. Further evidence for unbalanced growth induced by LCB starvation in an lcbl mutant strain was shown by the rapid diminution of phosphoinositol sphingolipid (OH stable) synthesis with little change in the synthesis of inositol acyl ester lipids (OH labile) or proteins until 4 to 6 h later (Fig. 3) . It can be seen (Fig. 3) that control synthesis of protein and of the two lipid fractions in the presence of PHS occurred equally well with and without Tergitol; PHS is evidently polar enough not to require a detergent for dispersal at low concentrations. However, in the LCB-starved cells Tergitol significantly depressed protein synthesis, as well as the increase in the turbidity of the culture, an effect reminiscent of the a-cyclodextrin sensitivity noted above (Fig. 2) . A similar differential effect of LCB starvation on the synthesis of the two classes of inositol lipids was also observed with an Icb2 strain (Fig. 4) .
LCB starvation: cell division, dry mass accumulation, and protein content. The increased density of LCB-starved Icb cells (Table 2) appears to result from an imbalance between cell division and mass accumulation, since cultures of LCBstarved cells showed that dry mass accumulated faster than particle numbers (Fig. 5) . The effect was largest when LCB starvation was carried out in the absence of Tergitol (Fig. 5) anate and evaluated in a fluorescence-activated cell sorter, exhibited a significant increase over that of cells cultured with LCB or over that of the LCB-starved culture containing oa-cyclodextrin (see Fig. 7, bottom) . Thus, direct measurement of increased dry mass and protein content per particle in LCB-starved cultures explains the observed increase in particle density.
LCB starvation: budding and DNA synthesis. LCB starvatio'n also resulted in a mismatch between cell division and DNA synthesis. The percent budded cells in an LCB-starved culture without Tergitol decreased sharply despite continued protein ( Fig. 6 ) and DNA (Fig. 7) synthesis. Tergitol restricted budding off and protein synthesis in LCB-starved cultures (Fig. 6 ). Evidently, new bud initiation does not occur upon LCB starvation. By phase-contrast microscopy, no unusual morphology was observed with LCB starvation. The DNA content per particle, monitored in a fluorescence-activated cell sorter, showed a significant number of particles with a 3N content in LCB-starved cultures, a result not observed in cultures containing LCB. These results suggest continued replication in the absence of cell division. Curiously, Tergitol did not influence the results, whereas a-cyclodextrin severely depressed the number of 3N cells (Fig. 7 , top five panels) and inhibited the increased protein content per cell (Fig. 7, bottom panel) . It is difficult to exclude totally the possibility that the particles with 3N DNA represent an aggregate of 1N and 2N particles that somehow formed during analysis; however, the cultures were sonically treated before analysis to break up aggregates of cells. Examination by light microscopy showed no aggregates.
DISCUSSION
We have isolated strains of S. cerevisiae that require a sphingolipid LCB for growth by a nonselective replica plating procedure and by a density enrichment method. Over 60 such strains that were genetically analyzed fell into only two complementation groups, Icbl and Icb2. Experiments comparing the specificity of the LCB requirement suggest that these strains are defective in the first step in LCB synthesis catalyzed by the enzyme serine palmitoyltransferase. This conclusion follows from the finding that 3-KDS, the product of the first step in LCB synthesis, supports the growth of both lcbl and kcb2 strains. In fact, subsequent work (22, 23) showed that both lcbl and lcb2 strains have barely detectable levels of serine palmitoyltransferase activity. Furthermore, the LCBI gene has been isolated and its predicted amino acid sequence also strongly suggests that the gene codes for a catalytic segment of serine palmitoyltransferase (2) .
Although many Lcb-mutants were selected by the density enrichment method described herein, none appeared to be blocked in the step 2 or 3 of the LCB-synthetic pathway. Among explanations for the lack of 3-KDS reductase mutants, blocked in step 2 of LCB synthesis, is the possible existence of one or more ketone reductases that nonspecif- ically reduce 3-KDS. Alternatively, high intracellular levels of 3-KDS may be cytotoxic; LCBs are known to be toxic in cultured animal cells (9) . It is likely that several polypeptides are involved in step 3 of the pathway, conversion of DHS to PHS. This step probably requires a mixed-function oxidase system (16) . We found no mutants that displayed the phenotype expected of mutants blocked in this step, i.e., growth supported by PHS but not DHS. Possible explanations for a failure to find such mutants include cytotoxicity of intracellular DHS and the ability of the cell to make adequate sphingolipid from DHS instead of PHS, even though PHS is the predominant LCB found in wild-type yeast sphingolipids (26, 29) .
Toxicity of accumulated endogenous LCBs has been offered above as an explanation for the failure to find certain mutant classes. This is a reasonable possibility in light of the fact that LCBs are potent protein kinase C inhibitors and toxic for animal cells at low concentrations (9) . Our results obtained with exogenous LCB were ambiguous. We found that 100 to 200 puM concentrations of exogenous LCBs that would be toxic for animal cells had little effect on growth of S. cerevisiae starting with .106 cells per ml (Table 7 and fatty acid starvation in a fatty acid auxotroph of S. cerevisiae (11) .
Further exploitation of these mutants should enhance our understanding of the metabolism and function of yeast sphingolipids. For example, we are currently studying lcbl suppressor strains derived from an lcbl mutant strain (4) to find out how they survive without making sphingolipids.
